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A B S T R A C T   
Shear zones are common strain localization structures in the middle and lower crust and play a major role during orogeny, transcurrent movements and rifting alike. 
Our understanding of crustal deformation depends on our ability to recognize and map shear zones in the subsurface, yet the exact signatures of shear zones in 
seismic reflection data are not well constrained. To advance our understanding, we simulate how three outcrop examples of shear zones (Holsnøy - Norway, Cap de 
Creus - Spain, Borborema - Brazil) would look in different types of seismic reflection data using 2-D point-spread-function (PSF)-based convolution modelling, where 
PSF is the elementary response of diffraction points in seismic imaging. We explore how geological properties (e.g. shear zone size and dip) and imaging effects (e.g. 
frequency, resolution, illumination) control the seismic signatures of shear zones. Our models show three consistent seismic characteristics of shear zones: (1) 
multiple, inclined reflections, (2) converging reflections, and (3) cross-cutting reflections that can help interpreters recognize these structures with confidence.   
1. Introduction 
Shear zones (i.e. tabular volumes of rock with higher strain than the 
surrounding rocks) play an important role in accommodating tectonic 
deformation in the crust and mantle (e.g. Vauchez et al., 2012; Snyder 
and Kjarsgaard, 2013). As shear zones generally form in the ductile 
mid-to-lower crust, they are less often exposed at the surface than brittle 
faults. Geophysical techniques, such as 2-D and 3-D seismic reflection 
data can help us image and study shear zones in the subsurface (e.g. 
Clerc et al., 2015; Phillips et al., 2016; Lenhart et al., 2019). Since strain 
variations often correlate with physical property changes (e.g. density 
and seismic velocity), we expect shear zones to appear on seismic 
reflection data, and in rare cases surface outcrops of exhumed shear 
zones can be directly correlated with reflection patterns in seismic im-
ages (e.g. Fossen and Hurich, 2005). Nevertheless, the characteristic 
seismic signatures of shear zones are still poorly constrained, particu-
larly in the common case where shear zones form anastomosing zones or 
networks. Understanding seismic signatures of shear zones is critical to 
recognize and quantify strain in continental rifts and margins. 
Moreover, we could use 2-D and 3-D seismic reflection data to study 
the spatial and temporal evolution of shear zones. Once mapped, we can 
measure geometric shear zone properties (e.g. orientation, thickness, 
length), which help us understand the growth and interaction of these 
structures (see review by Fossen and Cavalcante, 2017). Unravelling the 
evolution of shear zones also helps us quantify and understand the dis-
tribution/localization of strain within the lithosphere (e.g. Duretz et al., 
2014; Kiss et al., 2019). To support these studies, we investigate the 
seismic signatures of shear zones using 2-D point-spread function (PSF) 
based convolution modelling. 
Seismic modelling techniquesincluding convolution simulate the 
seismic response of geological structures (e.g. Lecomte et al., 2015). As 
such, these techniques are forward solutions to the inverse problem of 
seismic interpretation, i.e. explaining the observed seismic image with a 
reasonable geological model. Seismic modelling by convolution is often 
preferred because it is highly efficient, flexible and easy to use, yet in its 
simplest 1-D approach it only gives a good estimate of the vertical 
seismic resolution, as a series of synthetic seismic traces generated by 
convolving reflectivity logs with a wavelet are aligned to generate a 
synthetic (pseudo) 2-D seismic section (e.g. Osagiede et al., 2014; 
Jafarian et al., 2018). This approach is neither accounting for lateral 
resolution effects, as the trace spacing (sometimes combined with 
smoothing) sets an arbitrary lateral resolution, nor for illumination ef-
fects, as even extremely steep reflectors can be imaged with sufficiently 
close trace spacing. 
To include both the effects of lateral resolution and limited illumi-
nation of steep dips, we use true 2-D convolution modelling (Lecomte 
et al., 2016), i.e., applying a 2-D convolution operator (the point-spread 
function or PSF) directly to the entire 2-D reflectivity model. The 
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resulting 2-D seismic images correspond to pre-stack depth-migration 
(PSDM) seismic reflection data, because PSFs are diffraction-point re-
sponses of a PSDM imaging system describing how much distortion we 
expect going from reflectivity to seismic images (Lecomte, 2008). As 
such, the PSF contains: (1) the 1-D wavelet (i.e. frequency bandwidth), 
(2) the velocity, (3) the incident angle (including offset-dependent ef-
fects), and (4) illumination patterns. The illumination pattern de-
termines which parts of a geological structure are imaged while also 
controlling the lateral resolution (Lecomte et al., 2016). The illumina-
tion pattern determines which parts of a geological structure are imaged 
(steeply-inclined reflectors are often poorly imaged in seismic reflection 
data) while also controlling the lateral resolution (Lecomte et al., 2016; 
Eide et al., 2018). 
To investigate how shear zones look in seismic reflection data, we 
simulate the seismic signatures of three excellent outcrop areas using 2-D 
PSF based convolution modelling. These three shear zone networks were 
mapped in great detail (meter scale) over vast areas (several square kil-
ometres) in: (1) Holsnøy (W Norway), (2) Cap de Creus (NE Spain), and 
(3) Borborema Province (NE Brazil). Our models highlight that the 
seismic signatures of shear zones depend on the complex interaction of a 
variety of geological and geophysical factors. Nevertheless, we are able to 
consistently identify three characteristic features of shear zones in our 
models: (1) multiple, inclined reflections, (2) converging reflections, and 
(3) cross-cutting reflections. We find that shear zones become difficult to 
identify when their dip is steeper than the illumination of the survey or 
when noise becomes >50%. Finally, we find that the geometric curvature 
of shear zones is a useful kinematic indicator, as seismic reflections 
forming an acute angle with the edge of the shear zone indicate move-
ment towards the junction of reflections. These results will help identi-
fying and mapping shear zones in 2-D and 3-D seismic reflection data, and 
help us understand the way strain is distributed in the ductile middle and 
lower crust in different tectonic settings. 
2. Outcrop examples 
We simulate the seismic signatures of three excellent outcrop ex-
amples of shear zone networks from (1) Holsnøy (Norway), (2) Cap de 
Creus (Spain), and (3) Borborema Province (Brazil). We chose these out 
of a large number of shear zones (Table 1), because they were mapped at 
high resolution (meter scale) over large areas (several square kilo-
metres) using detailed field observations (Boundy et al., 1992; Austr-
heim et al., 1997; Neves and Mariano, 1999; Carreras, 2001). 
2.1. Holsnøy (Norway) 
On Holsnøy (an island in western Norway) a network of eclogitized 
shear zones are exposed in a thrust sheet in the Caledonian orogenic belt 
(Austrheim et al., 1997) (Fig. 1a). Geochronological data (423 ± 4 Ma 
U/Pb age) and field relations indicate that eclogitization and shear 
deformation of lower crustal Proterozoic granulites occurred during the 
Caledonian orogeny (Bingen et al., 2004). As the eclogization occurred 
under very high pressures (~2 GPa) and temperatures (700–750 ◦C) 
(Austrheim and Griffin, 1985; Raimbourg et al., 2005), it is clear that 
these shear zones formed at sub-crustal depths in lower crustal rocks 
during continental subduction. Post-orogenic collapse, extension, and 
erosion exposed these eclogites on the island of Holsnøy (Austrheim 
et al., 1997). 
At present day, these shear zones are exposed over an area of 
approximately 36 km2 (Fig. 1b). Shear zone widths vary from 30 to 150 
m in a continuous anastomosing pattern (Austrheim, 1990; Boundy 
et al., 1992). While the shear zones consist of eclogite facies rocks 
(omphacite + garnet + kyanite + epidote + phengite + quartz ±
amphibole ± plagioclase), the host rocks are mainly granulite facies 
mafic rocks (plagioclase + diopside + garnet ± scapolite ± orthopyr-
oxene ± hornblende) (Austrheim and Griffin, 1985). The eclogite shear 
zones formed by fluid-assisted deformation that developed from initial 
fractures through shear zones to massive eclogite breccias carrying 
blocks of granulites in foliated eclogite (Austrheim et al., 1997; Raim-
bourg et al., 2005). 
To build geological (reflectivity) models necessary for seismic 
modelling, we used physical measurements of these rocks available at 
present day (Austrheim, 1987; Austrheim et al., 1997) combined with an 
empirical relationship converting P- to S-wave velocities for granulite 
facies rocks and eclogites (Manghnani and Ramananantoandro, 1974) 
(Table 2). We consider these surficial properties to be sufficiently 
representative of the properties of the shear zone and host rock 
encountered at depth for the purpose of our study. 
2.2. Cap de creus (Spain) 
On the Cap de Creus peninsula in northeast Spain, a Variscan shear 
belt exposes an extensive network of ductile shear zones (Carreras, 
2001) (Fig. 1b). Although a subject of debate, these shear zones probably 
developed during progressive wrench-dominated deformation in the 
Variscan. As a result, they formed under retrograde metamorphic 
Table 1 
Geometric properties of shear zones: 1Johnston et al. (2007), 2Fossen (2010), 3Milnes et al. (1997), 4Norton (1986), 5Fossen and Hurich (2005), 6Wennberg et al. 
(1998), 7Austrheim (1990), 8Boundy et al. (1992), 9Phillips et al. (2016), 10Carreras (2001), 11Younes and McClay (2002), 12Koehn et al. (2015), 13Salomon et al. 
(2015), 14Goscombe and Gray (2008), 15Goscombe et al. (2003), 16Passchier et al. (2002), 17Foster et al. (2009), 18de Castro et al. (2012), 19de Castro et al. (2008), 
20Kirkpatrick et al. (2013), 21Neves and Mariano (1999), 22Gontijo-Pascutti et al. (2010), and 23Klepeis et al. (1999).  
Location Shear zone name Thickness Length Displacement Dip Dip direction 
W Norway Nordfjord-Sogn 2–6 km1 120 km2 >50 km3 30–40◦4 W2 
SW Norway, North 
Sea 
Hardangerfjord 5–6 km5 >600 km5 10–15 km5 22–23◦5 NW5 
W Norway Bergen Arc 2–3 km6 50 km6 >14 km6 steep6 SW6 
W Norway Holsnøy 30–150 m7 >10 km7 –  N8 
SW Norway, North 
Sea 
Stavanger 1–2 km9 >200 km9 – 15–30◦9 W9 
NW Spain Cap de Creus 20–300 m10 >10 km10 – – NNE-SSW10 
Egypt Rihba >200 m11 ~100 km11 – – – 
Uganda, DR Congo Nyamwamba  ~50 km12 – – – 
NW Namibia Purros 1–5 km13− 15 620 km13− 15 – 70–90◦ , 30–50◦, 
subvertical13,16 
WSW to WNW, 
W13,16 
NW Namibia Three Palms 1–2 km13 >300 km13 – 60–90◦ , 40–55◦, 
10–65◦13,14,17 
W, E, W13,14,17 




– subvertical18 – 
NE Brazil Borborema 2–5 km21 700 km21 ~11 km21 ≥65◦21 NW,SE21 
Southeast Brazil Arcadia-Areal21 0.5–1 km22 ~700 km22 – 30–80◦22 – 
New Zealand Anita 3.5–4 km23 – – subvertical23 –  
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conditions in crystalline rocks with a pre-existing foliation. At present 
day, we can observe these shear zones over an area of ~20 km2 (Fig. 1b). 
Shear zone widths reach values of up to 300 m in continuous anasto-
mosing patterns predominantly in crystalline schists (Carreras, 2001). 
Neither surficial nor subsurface physical properties of these rocks are 
available, so we rely on physical properties typical for these rock types 
as represented by five mylonites (Mainprice and Casey, 1990) and three 
schists (Godfrey et al., 2000). These properties were combined with an 
empirical relationship converting P-wave velocity to density for mid to 
lower crustal rocks (Godfrey et al., 1997) to constrain the bulk density, 
P-wave velocity, and S-wave velocity of the geological model (Table 2). 
Fig. 1. Outcrop examples of shear zones from: a) Holsnøy, Norway (Boundy et al., 1992; Austrheim et al., 1997); b) Cap de Creus, NE Spain (Carreras, 2001), and c) 
Borborema, Brazil (Neves and Mariano, 1999). While the Holsnøy and Cap de Creus shear zones were mapped with field observations, mapping of the Borborema 
shear zone was assisted by magnetic data. 
Table 2 
Physical rock properties used for seismic forward modelling based on: 1Empirical relation (vp→ρ) for mid to lower crustal rocks by Godfrey et al. (1997); 2Measurement 
of five mylonites by Mainprice and Casey (1990); 3Measurement of three schists by Godfrey et al. (2000); 4Bulk density measurements by Austrheim (1987); 5P-wave 
velocity measurements by Austrheim et al. (1997); 6Empirical relation (vp→vS) for granulate facies rocks and eclogites by Manghnani and Ramananantoandro (1974); 
7Typical physical properties of granites by Bourbié et al. (1987).  
Location Rocks Bulk density [g/cm3] P-wave velocity [m/s] S-wave velocity [m/s] 
Min Max Avg Min Max Avg Min Max Avg 
Cap de Creus Shear zone (Mylonite) 2.861 2.951 2.911 5.602 6.702 6.152 4.602 3.802 4.202 
Host rock (Schist) 2.663 2.723 2.693 5.603 6.603 6.103 3.083 3.513 3.303 
Holsnøy Shear zone (Eclogite) 3.064 3.334 3.194 8.305 8.505 8.405 3.956 4,336 4,146 
Host rock (Granulite) 2.794 3.214 3.024 7.505 7.805 7.655 3,586 4,166 3,906 
Borborema Shear zones (Mylonite) 2.861 2.951 2.911 5.602 6.702 6.152 4.602 3.802 4.202 
Host rock (Granite) 2.507 2.707 2.607 4.507 6.007 5.257 2.507 3.307 2.907  
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2.3. Borborema Province (Brazil) 
The Borborema Province (northeast Brazil) hosts a network of larger 
and smaller shear zones, of which the largest ones reach more than 20 
km in width (Patos shear zone). Of the three shear zones that we model 
in this work, the Patos is the largest by an order of magnitude (to allow 
any comparison to seismic studies, we scaled down its length and width 
by a factor of 50). The shear zones are late Neoproterozoic and related to 
the Brasiliano orogenic system (Neves and Mariano, 1999; de Araujo 
et al., 2014) (Fig. 1c). Kinematic and geochronological data indicate that 
the shear zone network formed during overall dextral strike-slip 
shearing in a transpressional setting at around 580-570 Ma (Archanjo 
et al., 2002; de Araujo et al., 2014). This shear zone network covers 
almost the entire northeastern part of Brazil (Fig. 1c) and is considered 
to have continued on the African side prior to the South Atlantic 
break-up. 
To our knowledge, relevant petrophysical measurements of these 
rocks are not available. We thus use empirical relationships to derive the 
bulk density, P-wave velocity, and S-wave velocity for the relevant rock 
types, i.e. mylonites (Mainprice and Casey, 1990) and granites (Bourbié 
et al., 1987) combined with an empirical relation converting P-wave 
velocity to density for mid to lower crustal rocks (Godfrey et al., 1997) 
(Table 2). Note that, while we aim to constrain these properties as well 
as possible, they may still differ from the original rock properties, simply 
because it is not possible to include all geological structures (e.g. 
mesoscale and microscale fabrics and lithological variations) in these 
models. 
2.4. Rotation 
To compare shear zones from outcrop to seismic observations, it is 
necessary to convert these outcrop examples from map to cross-section 
view. While we typically interpret shear zones in 2-D or 3-D seismic 
images (Phillips et al., 2016; Fazlikhani et al., 2017; Clerc et al., 2018), 
the best outcrop examples of shear zones are exposed in map-view 
(Austrheim et al., 1997; Neves and Mariano, 1999; Carreras, 2001). 
To generate comparable seismic images of these shear zones, we need to 
rotate these outcrop examples from map to cross-section view. For the 
Holsnøy case, this is a matter of restoration to the original orientation of 
the shear zone network, which can be assumed to have been more 
horizontal-based on the regional tilting of all units in the area (e.g. 
Fossen, 1993). For the Cap de Creus and Borborema cases, the shear 
zones developed in a strike-slip dominated setting, and rotation is not 
justified by their geological history. However, these and previous studies 
of shear zones show no systematic difference between tectonic regime 
and network geometry; geometric differences are rather controlled by 
rheological variations, flow vorticity and strain (e.g. Gapais et al., 1987; 
Fossen and Cavalcante, 2017) in addition to rheological heterogeneities 
in the initial rocks. 
3. Point-spread-function based convolution modelling 
Generally, seismic images depend on the complex interaction of a 
large number of geological and geophysical factors (e.g. Yilmaz and 
Doherty, 1987; Sheriff and Geldart, 1995). This study focuses on the 
effects of two geological factors (aspect ratio and dip of the shear zone) 
as well as two geophysical factors (seismic frequency and illumination). 
Overall, seismic resolution is primarily a function of frequency band-
width of the signal, host rock velocity, and the incident angle. The 
vertical seismic resolution (tuning thickness) is typically estimated as a 
fraction (e.g. a quarter) of the wavelength of the signal (Brown, 2011). 
While the lateral seismic resolution also depends on the wavelength, it is 
further limited by the illumination pattern (Lecomte et al., 2016) 
(Fig. 2). For perfect illumination (i.e. imaging of scattering structures 
from all directions; reflectors and diffractors alike), the lateral resolution 
is equal to the vertical one, as illustrated by the PSF itself which is 
diagnostic of the overall seismic imaging system, as it would be for any 
optical system such as cameras, microscopes, telescopes, etc (Fig. 2; 
Lecomte, 2008). Reflectors are then just dense sets of diffractors which 
might act in a coherent manner when properly illuminated, i.e. specular 
reflection, so knowing the elementary response of a diffraction point is 
sufficient information about any imaging system, according to Huygens’ 
principle. In practice, limited illumination in seismic imaging results in a 
much lower lateral resolution than the vertical one for the illumination 
structures (Fig. 2b, c). Limited survey aperture, i.e., due to acquisition at 
the Earth’s surface and within a certain area, further constrained by 
wave propagation issues such as ray path refraction, low signal energy 
due geometrical spreading and various sources of attenuations (scat-
tering and anelasticity), and finally processing/imaging choices (e.g. 
migration aperture), all indeed concurred to reducing the illumination 
cone as illustrated in Eide et al. (2018) for imaging of volcanic in-
trusions, for example. Including illumination effects is therefore critical 
to seismic modelling, because it incorporates two common and impor-
tant effects of seismic imaging especially at greater depths: (1) that 
Fig. 2. Limited dip-illumination impact on lateral resolution as seen on 2-D 
Point-Spread Function for Cap de Creus, i.e., with about 6 km/s in average 
velocity and a 20-Hz Ricker wavelet. In the following, the resolution values are 
estimated at the nearest zero crossings around the central peak of the PSF. a) 
[0◦-90◦] dip-illumination case (perfect) resulting in a point-wise PSF with equal 
vertical and lateral resolution of about a quarter-of-a-wavelength (here about 
75 m; horizontal black double arrow across PSF’s peak); b) [0◦-45◦] dip- 
illumination case and corresponding lateral resolution (black double arrow), 
showing also the central trace with its Ricker-wavelet shape; c) [0◦-30◦] dip- 
illumination case with comparison (white double arrows at bottom) of the 
lateral resolution variations between a), b) and c). 
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interfaces dipping more steeply than a certain angle cannot be imaged, 
and (2) that lateral seismic resolution depends on the illumination 
pattern, i.e. seismic images are not solely impacted by vertical resolution 
issues. 
For these reasons, we apply intrinsic 2-D PSF based convolution 
modelling to the outcrop examples described above. This technique al-
lows us to generate 2-D PSDM seismic images of geological models 
including the key illumination and resolution effects mentioned above 
(Lecomte et al., 2015). Our workflow involves three steps. First, we 
extract reflectivity as a 2-D grid according to a selected incident angle 
from the outcrop examples. Second, we generate the PSF using: (1) a 
Ricker wavelet (characterized by its dominant frequency), (2) an 
average velocity in the zone to image (Table 2), (3) an incident angle, 
and (4) a maximum reflector-dip angle to be illuminated. Third, a 
convolution between the PSF and the 2-D reflectivity grid produces the 
seismic images. We only use zero incident angle to simulate zero-offset 
acquisition, as even for large offsets at the surface incident angles 
become small for deep crustal shear zones (10–20 km). The maximum 
angle of reflector dip to be illuminated, which we just call ‘(maximum) 
illumination angle’ in the following, describes that only reflectors 
Fig. 3. Seismic signature of Holsnøy shear zone (Norway) in cross-section for different dominant frequencies (5, 10, 20 Hz) and maximum illumination angles (30◦, 
45◦, 90◦). The point-spread function (PSF) indicates the vertical and horizontal resolution of the seismic image. The seismic images correspond to zero-phase PSDM 
data. The colour bar is scaled to 50% of the maximum and minimum amplitudes. The black outline shows the shear zone geometry. Note how imaging quality 
decrease from the top left to the bottom right. The black arrows on c, f and i indicate amplitude anomalies arising from the termination of the reflection below. It is 
also worth noting that reflection curvature indicates the sense of movement of the shear zone. 
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dipping below this angle will be visible on the seismic images while 
steeper reflectors will not appear per se, though might be indirectly 
detected as discontinuities and amplitude variations of the seismic sig-
nals. As illustrated in Fig. 2, this angle also affects the lateral resolution; 
a 45◦ as steepest dip angle will roughly correspond to about half a 
wavelength lateral resolution. To maintain generalisability, we use a 
generic illumination described in (Lecomte et al., 2016), i.e. for cases 
with no specific survey design or overburden model in mind. 
3.1. Geophysical factors 
First, we explore how seismic signatures of these shear zones change 
dependent on the dominant frequency and maximum illumination angle. 
For this purpose, we generate seismic images of these three shear zones 
ranging from high to low quality by systematically varying dominant 
frequencies (of Ricker wavelets) and maximum illumination angles (of the 
PSF) over a large range of values for each example. This means that we use 
maximum illumination angles varying from 30 to 45 to 90◦ and dominant 
frequencies varying from 5 to 10 to 20 Hz for Holsnøy (Fig. 3); from 10 to 
20 to 40 Hz for Cap de Creus (Fig. 4), and from 5 to 10 to 15 Hz for the 
downscaled Borborema shear zone (Fig. 5). Typical seismic surveys reach 
illumination angles of 40◦–50◦ (Eide et al., 2018). The frequencies we 
selected cover typical acquisition parameters of seismic reflection surveys 
for the considered depths (1, 2, 4 s TWT) (e.g. Osagiede et al., 2014) 
(Table 3). We also explore the effects of noise on the seismic signatures of 
shear zones by systematically varying the level of noise, testing no noise 
(0%), a case where a third of the amplitudes are noise (33%), equal 
signal-to-noise (50%), and a case of only noise (100%) (Fig. 6). 
3.2. Geological factors 
Next, we explore how the seismic signatures of these shear zones 
change in different geological settings. While many geological factors 
can affect the seismic signatures of shear zones, we focus on two pa-
rameters in this study: the aspect ratio (i.e. width to length) and dip of 
the shear zone. To explore the effects of these parameters, we run models 
with aspect ratios of 1:1, 1:2 and 2:1 (i.e. map view geometry com-
pressed to half the original width and length, respectively), and rotated 
to dips of 0◦, 30◦and 60◦ (Figs. 7, 8, 9). These values cover typical shear 
zone sizes and dips observed in the field (Table 1). Maximum illumi-
nation angles are set to 45◦ and dominant frequencies to 10 Hz 
(Holsnøy), 20 Hz (Cap de Creus) and 10 Hz (Borborema) corresponding 
to moderate seismic imaging quality. 
4. Results 
4.1. Geophysical effects 
Our first set of models explores how geophysical parameters impact 
the seismic signatures of shear zones. Our models show the seismic 
signatures of the Holsnøy, Cap de Creus, and Borborema shear zone 
networks for different frequencies (5–40 Hz) and maximum illumination 
angles (30◦, 45◦, 90◦) (Figs. 3, 4, 5). At maximum frequency and full 
illumination (≤90◦), we obtain accurate images of all shear zones with 
clearly separable seismic reflections of each high strain area (Figs. 3a, 4a 
and 5a). At intermediate frequency and full illumination, we start to lose 
some details, as reflections begin to merge vertically and horizontally 
Fig. 4. Seismic images of the Cap de Creus shear zone (Spain) in cross-section for different dominant frequencies (10, 20, 40 Hz) and maximum illumination angles 
(30◦, 45◦, 90◦). The point-spread function (PSF) indicates the vertical and horizontal resolution of the seismic image. The seismic images correspond to zero-phase 
PSDM data. The colour bar is scaled to 50% of the maximum and minimum amplitudes. The black outline shows the shear zone geometry. Note how imaging quality 
decrease from the top left to the bottom right. 
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(Figs. 3b, 4b and 5b), yet we are still able to observe the overall ge-
ometry of the shear zone. At low frequency and full illumination, we 
have lost most of the details: (1) thin reflections have disappeared, (2) 
closely spaced reflections merged, and (3) reflection terminations 
appear as amplitude anomalies (Figs. 3c, 4c and 5c). At this point, we 
can identify: (1) the overall shape, (2) orientation, and (3) some internal 
intersections of the shear zone. At intermediate illumination (≤45◦), 
steeper geometries show lower amplitudes and fewer anomalies 
(Figs. 3d–f, 4d-f, 5d-f). This effect continues for limited illumination 
(≤30◦), where inclined reflections disappear. At this stage, we can only 
see a few disjointed sub-horizontal reflections (Fig. 3g–i, 4g-i, 5g-i). 
4.1.1. Seismic noise 
The second set of models shows the seismic signatures of the 
Holsnøy, Cap de Creus, and Borborema shear zone for different noise 
levels (0%, 33%, 50%, 100%) (Fig. 5). Without noise, these models are 
identical to the intermediate frequency and illumination models 
described above (Figs. 3e, 4e and 5e). These models show clear seismic 
images of the shear zones, illuminating all reflections dipping below 45◦
(Fig. 6a–c). At 33% noise, it becomes difficult to identify some of the 
thinner parts of the shear zones against the background noise (Fig. 6d–f). 
At 50% noise, it is difficult to identify shear zones (Fig. 6g–i), because 
the amplitudes of the signal are on the same level as the noise, which is 
shown for comparison (Fig. 6j-l) 
Fig. 5. Seismic images of the Borborema shear zone (Brazil) in cross-section for different dominant frequencies (5, 10, 15 Hz) and maximum illumination angles 
(30◦, 45◦, 90◦). The point-spread function (PSF) indicates the vertical and horizontal resolution of the seismic image. The seismic images correspond to zero-phase 
PSDM data. The colour bar is scaled to 50% of the maximum and minimum amplitudes. The black outline shows the shear zone geometry. To compare the extremely- 
large Borborema shear zone to seismic studies, it was necessary to scale its length and width down by a factor 50. Note how imaging quality decrease from the top left 
to the bottom right. Moreover, it is worth noting that reflection curvature indicates the sense of movement of the shear zone. 
Table 3 
Typical frequencies covered by seismic reflection surveys (e.g. Osagiede et al., 2014).  
Location Year Dominant Frequency [Hz] 
Shallow 
(1 s TWT) 
Medium 
(2 s TWT) 
Deep 
(4 s TWT) 
Very deep 
(8 s TWT) 
North Viking Graben, North Sea 1998 54 48 29 – 
Egersund Basin, North Sea 2005 45 30 15 – 
Northern North Sea 2017 50 35 20 10 
Exmouth Basin, NW Australia 2000 – 49 21 – 
Santos Basin, offshore Brazil 2001/02 35 25 – –  
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4.2. Geological effects 
The third set of models explores how shear zone properties impact 
their seismic signature. These models show the seismic signatures of the 
Holsnøy, Cap de Creus, and Borborema shear zone networks for different 
aspect ratios (1:1, 1:2, 2:1) and dips (0◦, 30◦, 60◦) (Figs. 7,8, 9). At 1:1 
aspect ratio and zero dip, we obtain a good seismic image of the shear 
zone with all branches clearly visible (Figs. 7a, 8a and 9a). As we in-
crease the dip to 30◦ (Figs. 7b, 8b and 9b) and 60◦ (Figs. 7c, 8c and 9c), 
we start to lose some of the steeper dipping reflections. At 1:2 aspect 
ratio, seismic reflections become closer and merge vertically (Figs. 7d–f, 
8d-f, 9d-f). At 60◦ dip, it becomes difficult to identify the Holsnøy and 
Cap de Creus shear zone, as we only image a few sub-parallel reflections 
(Figs. 7f and 8f). The Borborema shear zones becomes virtually impos-
sible to identity, as we lose almost all of the inclined reflection in the 
seismic image (Fig. 9f). At 2:1 aspect ratio, we image most strands of the 
shear zones, only losing some inclined reflections at 30◦ and 60◦ dip 
(Figs. 7g–i, 8g-i, 9g-i). 
5. Discussion 
5.1. Seismic indicators 
Our models show that kilometre-scale shear zones mapped in the field 
can produce inclined seismic reflections similar to those observed in 
seismic reflection data from rifts and continental margins (Fig. 10a) (e.g. 
Fossen and Hurich, 2005; Fazlikhani et al., 2017). Subparallel, inclined 
reflections occur in almost all our models (Figs. 3, 4, 5, 6, 7,8, 9), given that 
shear zone dips do not exceed maximum illumination angles (e.g. Fig. 9). 
This is consistent with previous 2-D and 3-D seismic studies, which 
interpret multiple, sub-parallel, inclined reflections as kilometre-scale 
shear zones (Fig. 10a) (e.g. Fossen and Hurich, 2005; Fazlikhani et al., 
2017). This observations is, however, not sufficient for the interpretation 
of shear zones, as tilted layers or magmatic dykes can produce similar 
subparallel, inclined reflection packages (e.g. Phillips et al., 2016). 
A second seismic indicator revealed by our models are cross-cutting 
seismic reflections. Most of our models show cross-cutting reflections 
resulting from intersections of different strands of these shear zone 
networks (Figs. 3, 4, 5, 6, 7,8, 9). This result is interesting, as cross- 
cutting reflections are typically associated with fluid contacts (e.g. 
Brown, 2011), gas hydrates (e.g. Berndt et al., 2004), silica diagenesis (e. 
g. Wrona et al., 2017), or magmatic intrusions (e.g. Magee et al., 2014), 
i.e. processes that can generate an impedance contrast that dissects 
existing stratigraphy. In contrast, our models highlight how 
cross-cutting reflections can originate from intersecting strands of shear 
zone networks (Fig. 10b), without requiring interaction with host stra-
tigraphy. This is in line with previous studies, which upon 
re-examination, show several cross-cutting seismic reflections within 
shear zones (Fig. 10b) (e.g. Fazlikhani et al., 2017; Clerc et al., 2018). 
While fluid contacts, gas hydrates and silica diagenesis typically occur in 
the upper crust, seismic interpretations of the lower crust often require a 
distinction between shear zones and magmatic intrusions. 
The third seismic indicator, which allows us to distinguish between 
shear zones and magmatic intrusions, are reflection junctions. More 
precisely, our models show that seismic reflections originating from 
shear zones consistently converge in the same direction towards the 
edge of the zone (Figs. 3, 4, 5, 6, 7,8, 9). These unidirectional reflection 
junctions are typical for shear zones observed in the field and seismic 
Fig. 6. Seismic images of the Holsnøy (a,d,g,l), Cap de Creus (b,e,h,k) and Borborema shear zone (c,f,i,l) in cross-section for different levels of noise (0%, 33%, 50% 
and 100%). We use frequencies and illumination angles of 10 Hz and ≤45◦ for Holsnøy (Fig. 2e), 20 Hz and ≤45◦ for Cap de Creus (Figs. 3e), 10 Hz and ≤45◦ for 
Borborema (Fig. 4e); corresponding to intermediate imaging quality. The point-spread function (PSF) indicates the vertical and horizontal resolution of the seismic 
image. The seismic images correspond to zero-phase PSDM data. The colour bar is scaled to 50% of the maximum and minimum amplitudes. The black outline shows 
the shear zone geometry. To compare the extremely-large Borborema shear zone to seismic studies, it was necessary to scale its length and width down by a factor 50. 
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reflection data (Fig. 10c). Moreover, they are in stark contrast to 
multidirectional reflection junctions observed in magmatic sill 
complexes (e.g. Magee et al., 2014; Eide et al., 2018; Wrona et al., 2019) 
allowing a clear distinction between shear zones and magmatic 
intrusions in seismic reflection data. 
To summarize, we suggest to look for combinations of: (1) 
subparallel, inclined reflection packages; (2) cross-cutting reflections, 
and (3) unidirectional reflection junctions to identify shear zones in 
seismic reflection data (Fig. 10). 
5.2. Kinematic indicators 
In addition to identifying shear zones in seismic reflection data, we 
are often interested in their sense of movement. While shear zone 
orientation and/or geological history of the area can provide constraints 
on the sense of movement of a shear zone, we would prefer to obtain the 
kinematics directly from seismic reflection data. Our models suggest 
that seismic reflection orientation and curvature inside the shear zone 
indicate its sense of movement (Fig. 11). For instance, several strands of 
the dextral Holsnøy shear zone curve towards the edge of the shear zone 
forming an acute angle (Fig. 11a). This angle points consistently towards 
the direction of movement along the shear zone edge. A zoom-in of the 
Fig. 7. Seismic images of the Holsnøy shear zone (Norway) in cross-section for different dips (0◦, 30◦, 60◦) and aspect ratios (1:1, 1:2, 2:1) created with intermediate 
frequency (10 Hz) and illumination (≤45◦). The point-spread function (PSF) indicates the vertical and horizontal resolution of the seismic image. The seismic images 
correspond to zero-phase PSDM data. The colour bar is scaled to 50% of the maximum and minimum amplitudes. The black outline shows the shear zone geometry. 
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Borborema shear zone reveals the same pattern: seismic reflections 
curving towards the edge of the shear zone in the direction of movement 
(Fig. 11d). Our models show that this pattern can translate into seismic 
images of these shear zones at moderate frequencies (10 Hz), illumi-
nation angles (≤45◦) and levels of noise (33%) (Fig. 11b,e). At lower 
frequencies, this pattern is probably more difficult to image (Figs. 2 and 
4). The pattern is consistent with seismic observations from the Uru-
guayan continental margin (Clerc et al., 2015), which show this rela-
tionship between seismic reflection inside and at the edge of the shear 
zone (Fig. 11c,f). This gives us confidence that this simple geometric 
relationship known from field observations (e.g. Ramsay, 1980) is a 
useful kinematic indicator for shear zone observed in in 2-D and 3-D 
seismic reflection data. 
5.3. Hidden structures 
While we often concentrate on the shear zones observable in our 
dataset, it is worth thinking about the ones that we are missing. For 
example, our models confirm our intuition that shear zones become very 
difficult to image at low frequencies (≤10 Hz), illumination (≤30◦) and 
Fig. 8. Seismic images of the Cap de Creus shear zone (Spain) in cross-section for different dips (0◦, 30◦, 60◦) and aspect ratios (1:1, 1:2, 2:1) created with in-
termediate frequency (20 Hz) and illumination (≤45◦). The point-spread function (PSF) indicates the vertical and horizontal resolution of the seismic image. The 
seismic images correspond to zero-phase PSDM data. The colour bar is scaled to 50% of the maximum and minimum amplitudes. The black outline shows the shear 
zone geometry. 
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Fig. 9. Seismic images of the Borborema shear zone (Brazil) in cross-section for different dips (0◦, 30◦, 60◦) and aspect ratios (1:1, 1:2, 2:1) created with intermediate 
frequency (10 Hz) and illumination (≤45◦). The point-spread function (PSF) indicates the vertical and horizontal resolution of the seismic image. The seismic images 
correspond to zero-phase PSDM data. The colour bar is scaled to 50% of the maximum and minimum amplitudes. The black outline shows the shear zone geometry. 
To compare the extremely-large Borborema shear zone to seismic studies, it was necessary to scale its length and width down by a factor 50. 
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high levels (50%) of noise (Figs. 3, 4, 5, 6). This is an important point to 
remember when estimating the total strain of a system, because large 
fractions of the strain might not be imaged due to limitations of our 
dataset. On the other side, we may also miss shear zones with certain 
geometries. Our models, for example, suggest that shear zones dipping 
steeper than the illumination of our survey are difficult to image (Figs. 7, 
8, 9). This is particularly important in areas, where we would expect 
steeply inclined shear zones such as regions of strike-slip motion. 
Combining these results with the general trend that illumination de-
creases with depth, it is virtually impossible to image steeply inclined 
shear zones deep in the lower crust using conventional seismic reflection 
surveys. 
5.4. Geological complexity 
While our models are based on detailed geological mapping of large- 
scale shear zones (Fig. 1), it is not possible to include the full complexity 
observed in the field. For example, we built these models using only two 
rock types: shear zone and host rock, which are already difficult to 
constrain by physical measurements (see Table 2), yet in nature, these 
rocks are highly variable in terms of composition, metamorphic grade 
and degree of deformation (e.g. Austrheim et al., 1997; Neves and 
Mariano, 1999; Carreras, 2001). Including all these elements in our 
models would require accurate physical measurements of rocks sampled 
at high resolution over large areas. Even if we would have built our 
models with such measurements, physical rock properties measured in 
the laboratory probably differ from those encountered in the subsurface, 
where pressures, temperatures, and pore fluids are different and change 
with time. A final feature that was not possible to include in these 
large-scale models due to their resolution (1 m), are microscopic struc-
tures, such as foliation, fractures, and veins. 
5.5. Geophysical limitations 
While our models produce 2-D seismic images comparable to those 
observed in continental rifts and margins (Figs. 10 and 11), it is not 
possible to simulate all geophysical effects with these models. For 
example, our models do not include seismic velocity anisotropies, which 
are expected to occur in shear zones (e.g. Godfrey et al., 2000; Wenning 
et al., 2018), but cannot be constrained given the size and complexity of 
these outcrop examples and the absence of in-situ physical property 
measurements. With regards to amplitudes, our models simulate perfect 
processing removing all effects of geometrical spreading, attenuation, 
and dispersion. In nature, these effects are expected to reduce the overall 
imaging quality. Finally, it is worth emphasizing that we, similar to most 
field- and seismic studies, approach a 3-D problem with 2-D models. 
While generating synthetic 3-D seismic reflection data is possible, it 
would require large-scale 3-D outcrop observations to generate these 
models. 
Fig. 10. Seismic indicators of crustal shear zones in our models in comparison to previous marine seismic reflection studies from offshore southern and northern 
Norway (Phillips et al., 2016; Fazlikhani et al., 2017; Lenhart et al., 2019) and Uruguay (Clerc et al., 2015). While our seismic images have no vertical exaggeration 
(VE), the seismic images from previous studies are vertically exaggerated (factor on the bottom left of images). Our first example showing sub-parallel dipping 
reflections from the Borborema shear zones was generated with a frequency of 10 Hz, ≤45◦ illumination, 30◦ dip and an aspect ratio of 1:2 (Fig. 8e). The second 
example showing the Cap de Creus shear zone was create with a frequency of 20 Hz, ≤45◦ illumination, 30◦ dip and an aspect ratio of 1:2 (Fig. 7e). Third example 
showing cross-cutting reflections of the Borborema shear zone was generated with a frequency of 10 Hz, ≤45◦ illumination, no dip and an 1:1 aspect ratio (Fig. 8a). 
The forth example from the Cap de Creus shear zone was generated with a frequency of 10 Hz, ≤30◦ illumination, the original dip and aspect ratio (Fig. 3f). The fifth 
example showing unidirectional reflection junctions of the Holsnøy shear zone was computed with a frequency of 10 Hz, ≤45◦ illumination, the original dip and 
aspect ratio (Fig. 2e) and the last example showing a zoom-in of the Borborema shear zone was generated with a frequency of 10 Hz, ≤45◦ illumination, no dip and an 
1:1 aspect ratio (Fig. 8a). 
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6. Conclusions 
Simulating the 2-D seismic signature of three outcrop areas of shear 
zones (Holsnøy, Cap de Creus and Borborema) with point-spread- 
function based convolution modelling reveals three consistent charac-
teristics: (1) multiple, sub-parallel, inclined reflections, (2) converging 
reflections, and (3) cross-cutting reflections. These features are clear in 
most cases, but become difficult to recognize when shear zones are 
dipping steeper than the illumination of the seismic survey or at high 
levels of noise (>50%). Moreover, we find that reflection curvature at 
the shear zone edge is a useful kinematic indicator, as seismic reflections 
forming an acute angle with the edge of the shear zone indicate the 
direction of movement of the shear zone. In spite of several simplifying 
assumptions, we believe that this work gives strong support to the 
general assumption that shear zones can be identified and their geom-
etry can be mapped in seismic reflection data based on the character-
istics listed above. 
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